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The East Junggar is an important part of the Central Asian Orogenic Belt (CAOB). Using in situ zircon dating and Hf isotopic 
analysis by LA-ICP-MS and MC-ICP-MS, respectively, a detrital zircon of 4040 Ma age was found in sedimentary sequences 
from the Aermantai ophiolitic mélange, East Junggar. This is the oldest age record in the East Junggar terrane, and also marks the 
first zircon locality in the CAOB with an age older than 4.0 Ga, which is attributed to the Hadean crust. The 4040 Ma detrital 
zircon has an εHf(t) value of –5.2 and a two-stage Hf modal age of 4474 Ma, suggesting the presence of very old (Hadean) crustal 
material in the source area. Beside peak ages of 446 Ma, we found four age groups of 3.6–3.1 Ga, 2.53–2.37 Ga, 1.14–0.89 Ga 
and 0.47–0.42 Ga from 141 effective measuring points. The age of 426±4 Ma for the five youngest detrital zircons defines the 
lower limit of the deposition time of sedimentary sequencess in the Aermantai ophiolitic mélange. The 0.47–0.42 Ga zircons ex-
hibit 176Hf/177Hf ratios of 0.282156 to 0.282850, corresponding to variable εHf(t) values from –9.3 to 12.0 and Hf model ages from 
2011 to 646 Ma. These characteristics are similar to those of the early Paleozoic igneous and gneissic zircons from the Altai, but 
significantly different from those of the East Junggar. Based on the material structures of felspathic greywacke, the morphology, 
internal texture and age distributions of dated detrital zircons, in combination with a study of the regional geological data, it is 
suggested that the sedimentary sequences in the Aermantai ophiolitic mélange was deposited in the Late Silurian, with the main 
provenance from the Altai Orogen in the north. This indicates that the early Paleozoic ocean represented by the Aermantai ophio-
litic mélange was readily closed during the Late Silurian, and the northern edge of the East Junggar terrane was accreted to the 
Altai Orogen. The joint of them then served as a marginal orogen in the southern edge of the Siberia Paleocontinent.  
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U-Pb dating and Hf isotope analysis of single detrital zir-
cons from sedimentary rocks has been proven to be a pow-
erful tool for tracing the source regions of sedimentary ma-
terials [1–5]. Zircons are able to withstand the effects of 
weathering, erosion, abrasion, and thermal alteration, and 
are difficult to destroy during transportation and deposition. 
Zircons are also abundant in intermediate–acid magmatic 
and high-grade metamorphic rocks, and thus record crustal 
magmatic and metamorphic events. As such, combined 
U-Pb dating and Hf isotope analysis of single zircon grains 
not only provides accurate ages, but can also provide in-
sights into the possible source regions and provenance of 
sedimentary rocks, which can be linked to outcropping 
rocks and the tectonic evolution of the surrounding geolog-
ical region [6–8]. In particular, zircon U-Pb age spectra for 
sedimentary samples provide geochronological constrains 
on the nature of ancient crustal terranes and also define the 
lower limit of the sediment deposition age [9–11]. Thus, 
detrital zircon U-Pb dating and Hf isotope analysis repre-
sents an unparalleled tool for the study of the nature and 
tectonic affinity of orogenic belts, as well as linking the 
erosion of such belts and the formation of sedimentary basin 
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sequences [12,13]. 
Understanding the formation and early evolution of the 
Earth is an enduring challenge for researchers in the Earth 
Sciences. Some of the key scientific issues include the age 
of the earliest continental crust, the nature of this crust, and 
whether crust-mantle recycling occurred on the early Earth 
[14]. Rocks with Hadean ages (4.56–3.85 Ga) are rarely 
preserved today due to the intense modification of the 
Earth’s surface by tectonism and erosion throughout Earth’s 
history [15,16]. To date, crustal rocks with ages older than 
3.8 Ga have only been found in Greenland [17,18], Canada 
[19,20], northeastern China [21–23], and eastern Antarctica 
[24–26]. The Acasta Gneiss from the Wopmay Orogen in 
Canada, with an age of ~4016 Ma, represents the oldest 
rocks that have been found on Earth [27]. Although very 
few rock suites that were produced during the earliest stages 
of the Earth have been discovered, abundant old zircons 
(≥3.8 Ga) are present in younger geological units worldwide 
[28]. These include the northeastern Bavaria region of 
Germany [29], northern Wyoming in the USA [30], the 
Yilgarn craton of Western Australia [31], the San Francisco 
craton of Brazil [32], the high Himalayan region of western 
Nepal [33], and the Central Asian Orogenic Belt (CAOB) in 
northern Kazakhstan [34]. Detrital zircons with ages >4.0 Ga 
have been discovered in the Jack Hills region of the Yilgarn 
craton, western Australia, and the oldest zircon thus far dated 
has an age of ~4.4 Ga [31]. Recently, significant advances 
have been made in the search for extremely old rocks in Chi-
na. Since the discovery of tonalite-trondhjemite-granodiorite 
(TTG) rocks with ages of 3.8 Ga in the Anshan area at the 
end of the last century, many areas have been shown to 
contain rocks with detrital zircons that yield ages >3.8 Ga, 
including Qianxi in Hebei Province [14,35–37], Pulan in the 
Tibet Autonomous Region [38,39], Yichang in Hubei Prov-
ince [40], Liadang in Gansu Province [41,42], Pingle–  
Beijiang in southeast Guangdong Province [43], and Yushu 
in Qinghai Province [44]. Particularly notable amongst 
these studies was the discovery of zircons with ages of 4.1 
Ga in the Pulan area of the Himalayan Orogen in China, and 
in the Liadang area of the northern Qinling Orogen. These 
≥3.8 Ga detrital zircons provide an excellent opportunity to 
further investigate the Earth’s oldest crustal rocks and its 
early evolution. 
Herein, we report a detrital zircon U-Pb age as old as 
4040 Ma from a sedimentary block within the Aermantai 
ophiolitic mélange, East Junggar, northwest China. This is 
the oldest zircon age from the East Junggar area, and also 
marks the first zircon locality in the CAOB to yield a Ha-
dean age. 
1  Geological background and samples 
The Junggar terrane is situated in the central part of the 
CAOB and is traditionally divided into the Junggar Basin, 
East Junggar terrane, and West Junggar terrane (Figure 
1(a)). The area studied in this paper is located in the central- 
northern part of the East Junggar terrane, and lies at the 
northeastern edge of the Junggar Basin. The East Junggar 
terrane is considered to be a Phanerozoic accretionary oro-
gen, which is divided into the Altai Orogen to the north by 
the Irtysh fault zone and the Junggar Basin and Tianshan 
Orogen to the south by the Kalamaili fault zone [46,47]. 
Tectonically, the East Junggar terrane comprises, from north 
to south, the Dulate composite island arc, the Aermantai 
ophiolite mélange belt, the Yemaquan composite island arc, 
the Kalamaili ophiolite mélange belt, and the Jiangjunmiao 
accretionary complex. Due to its complex tectonic evolution, 
the East Junggar terrane and adjacent areas are a current 
focus of a range of geological studies [48–53]. 
The Aermantai ophiolitic mélange belt strikes SE-NW 
and is located in the central-northern part of the East Jung-
gar terrane (Figure 1(b)). The belt extends from the northern 
slopes of the Beita Mountains near the China-Mongolia 
border, crosses the northern slopes of the Aermantai Moun-
tains, and continues northwestwards along the Ulungur 
River to the Zhaheba area, where it is covered by Quater-
nary aeolian deposits of the Junggar Basin. The total length 
of the Aermantai ophiolite mélange belt is ca. 130 km. With 
the exception of sheeted dyke complexes, all the other rock 
types characteristic of ophiolite sequences are found in this 
ophiolitic mélange, including serpentinized harzburgites, 
dunites, pyroxenites, cumulate gabbros, dolerites, pillow 
basalts, massive basalts, and radiolarian-bearing siliceous 
rocks. These rock units crop out as tectonically bound sliv-
ers or blocks [55]. Banded chromites are occasionally found 
within the dunite rocks [56]. In addition, in the ophiolitic 
mélange in the Zhaheba area, Nb-enriched basalts and ul-
tra-high pressure (UHP) rocks typically associated with an 
intra-oceanic arc have been discovered [57]. The UHP rocks 
are lherzolites with olivines that contain oriented masses of 
melted magnetite, garnet pyroxenites that contain high-Si 
and high-Ti garnets, quartz magnesites, and garnet amphib-
olites [58–60]. The presence of these rocks suggests that 
this region was once characterised by the ultra-deep sub-
duction of oceanic crust. Throughout the extent of the belt, 
the ophiolite is tectonically emplaced above Late Palaeozoic 
volcano-sedimentary rocks. The northern boundary of the 
ophiolitic mélange transitions into a northwards-directed 
thrust belt. SHRIMP zircon U-Pb ages of gabbros and anor-
thosite granites from the Zhaheba ophiolite are 489±4 [61] 
and 496±6 Ma [62] respectively, and U-Pb ages of plagio-
granites from the Aermantai ophiolite are 503±7 Ma [63], 
which appear to constrain the formation age of the ophiolite 
as being Late Cambrian to Early Ordovician. 
This research is focused on sedimentary sequences with-
in the Aermantai ophiolitic mélange. During the early 1990s, 
the Second Regional Geological Survey Team of the Xin-
jiang Bureau of Geology and Mineral Resources carried out a 
1:50000 regional geological investigation in the Jieledekala 
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Figure 1  Simplified geological map of the Aermantai ophiolitic mélange and its adjacent areas. (a) Simplified geological map of the Junggar terrane (mod-
ified from Chen and Jahn 45); (b) simplified geological map of the Aermantai area in the East Junggar (modified from Wang et al. 54); (c) simplified 
geological map of the Jieledekala area in the East Junggar (modified from 1:50000 ScaleJ ialepakeyizengde Regional Geological Survey Report 64). 
area. This investigation mapped the southern part of the 
Aermantai ophiolitic mélange, which was named the 
Jieledekala ophiolitic mélange (Figure 1(c)). This mélange 
is NW–SE trending, has an outcrop width of ca. 2 km, is 
separated from the Upper Ordovician Daliugou Formation 
on the north and the Upper Carboniferous Batamayineishan 
Formation on the south by faults, and is unconformably 
overlain by the Middle Devonian Beitashan Formation in 
the east [64]. Field observations have demonstrated that this 
ophiolitic mélange contains a range of rock types, including 
metamorphosed ultramafic rocks (serpentinite), gabbros, 
diorites, and siliceous rocks. These rock units crop out as 
lenses or irregular bodies, which are considered the tectoni-
cally dismembered sections of an ophiolite sequence. The 
ultramafic rocks have experienced intense metamorphism 
and alteration to become serpentinized dunites, serpentinites, 
and carbonate-rich rocks containing chromium spinel. The 
ophiolitic mélange also comprises volcanic and sedimentary 
sequences of various ages, including andesites, andesitic 
lava breccias, lithic sandstones, feldspathic rock fragment 
sandstones, and feldspathic greywackes (Figure 2), which 
represent forearc basin, back-arc basin, and/or continental 
slope deposits formed during the continent-ocean transition. 
Inclined and top-thick folds that are affected by ductile- 
brittle fracturing are widely developed throughout the ophi-
olitic mélange. The matrix of the mélange consists mainly 
of foliated fine-grained clastic and cataclastic rocks. A zir-
con U-Pb age of 508±4 Ma has been obtained from a me-
ta-gabbro in the mélange. Considerable debate exists as to 
the age of the sedimentary sequences in the mélange, with 
published ages ranging from Middle Devonian [65–67] to 
Middle Ordovician [54,64]. Due to the lack of biostrati-
graphic and isotopic constraints, the age of the sedimentary 
blocks in the mélange is based on regional stratigraphy. The 
sample used in this study was obtained from a sandstone 
block in the mélange (45°56′04.2″N, 89°55′54.8″E), which 
is separated from the southern meta-ultramafic rocks (ser-
pentinites) and the northern lithic sandstones by high-angle 
faults (Figure 2). The sample is a feldspathic greywacke, 
greenish to grey in colour, medium- to fine-grained, and 
layered in units of ca. 15 cm thickness. Petrographically, the 
rock consists of detrital material (60%–65%) and interstitial 
material (30%–35%). The detrital grains are mainly poorly 
sorted and angular quartz (30%–35%) and feldspar (25%– 
30%), with a typical grain size of ca. 0.15–0.30 mm. The 
interstitial materials are mainly sericite and chlorite, along 
with lesser amounts of calcite. The rock is matrix-supported 
and basal cemented, indicating that it has a low textural 
maturity and that the sediments were the product of a short 
transportation distance and rapid accumulation. 
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Figure 2  Geologic section of the Aermantai ophiolitic mélange. 
2  Analytical methods 
2.1  Sample preparation 
Separation of zircon grains was conducted in the No. 203 
Research Institute of Nuclear Industry, Xianyang, China, 
using conventional techniques, including heavy liquids, 
magnetic separation, and hand-picking under a binocular 
microscope equipped with ultraviolet light. Zircon grains 
were mounted in epoxy discs, polished to expose the zircon 
grains and then coated with gold. Prior to analytical work, 
polished surfaces were photographed in transmitted and 
reflected light to reveal the internal structure of the zircons. 
To further document the internal structure of the zircons and 
guide selection of sites for U-Pb dating and Hf isotope 
analyses, cathodoluminescence (CL) images were obtained 
with a CAMECA electron microprobe at the Institute of 
Geology and Geophysics, Chinese Academy of Sciences, 
Beijing, China. The acceleration voltage during CL imaging 
was 15 kV. 
2.2  Zircon U-Pb dating 
Zircon U-Pb dating was carried out with an Agilent 7500 a 
inductively coupled plasma-mass spectrometer (ICP-MS) 
coupled to a 193 nm laser at the Key Laboratory of Conti-
nental Collision and Plateau Uplift, Institute of Tibetan 
Plateau Research, Chinese Academy of Sciences (LCPU), 
Beijing, China and at the State Key Laboratory of Conti-
nental Dynamics (LCD), Northwest University, Xi’an, Chi-
na. At LCPU, Plesovice [68] and Qinghu [69] natural zir-
cons were used as matrix-matched, external standards for 
U-Pb dating and the NIST SRM612 glass was used as an 
external standard for trace element analysis. Analyses of 
Plesovice, Qinghu, and NIST SRM612 were made follow-
ing every five sample analyses. At LCD, 91500 and GJ-1 
natural zircons were used as external standards for U-Pb 
dating and the NIST SRM610 glass was used as an external 
standard for trace element analysis. Analyses of 91500, 
GJ-1, and NIST SRM610 were made following every six 
sample analyses. Isotope ratios and trace element concen-
trations were calculated off-line by GLITTER (Ver4.0, 
Macquarie University). Common Pb corrections and sam-
ples ages were calibrated and calculated using ComPb 
Corr#3.17[70]. U-Pb concordia diagrams, weighted mean 
age calculations, and U-Pb age probability density plots 
were made using Isoplot/Ex_ver 3 [71]. 
2.3  Zircon Lu–Hf isotope analysis 
Hf isotope analyses of zircon were carried out at LCD using 
a Nu Plasma high-resolution, multiple-collector ICP–MS 
(Wrexham, UK) coupled to a Geolas 2005 laser ablation 
system equipped with a 193 nm ArF excimer laser. Zircons 
were ablated with a spot size of 32 μm, repetition rate of 10 
Hz, and energy of 10 J/cm2. The Hf isotope analytical pro-
cedures are similar to those described by Yuan et al. [72]. 
The isobaric interference of 176Lu on 176Hf was corrected by 
measuring interference-free 175Lu and using a 176Lu/175Lu 
ratio of 0.02669 [73]. Similarly, the interference of 176Yb on 
176Hf was corrected by measuring interference-free 172Yb 
and using a 176Yb/172Yb ratio of 0.5886 [74]. Time-dependent 
drifts of Lu–Hf isotopic ratios were corrected using a linear 
interpolation method and interspersed analyses of 91500 
zircon. 176Hf/177Hf ratios obtained for the zircon standards 
were 0.282295±27 (91500; n =17; 2σ) and 0.282049 ±23 
(GJ-1; n = 10; 2σ). These standard results are in good 
agreement with the recommended 176Hf/177Hf ratios for 
these standards (0.2823075±58; 0.282015±19) [75,76]. The 
176Lu decay constant and chondritic 176Hf/177Hf and 176Lu/ 
177Hf ratios used in our calculations are 1.865 × 10−11 y–1 
[77], 0.282772, and 0.0332 [78], respectively. Single-stage 
model ages (TDM1) were calculated relative to depleted man-
tle with present-day 176Hf/177Hf =0.28325 and 176Lu/177Hf 
=0.0384 [79]. Two-stage model ages (TDM2) were calculated 
by assuming a mean 176Lu/177Hf value of 0.015 for average 
continental crust [80]. Initial 176Hf/177Hf ratios and εHf(t) 
values were calculated using zircon U-Pb ages. 
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3  Results 
3.1  Zircon CL images 
Zircons from the feldspathic greywacke sample D0581- 
6TW are pale pink or pink (ca. 5% are deep pink), trans-
parent to translucent, and are mostly 70–170 μm in size. 
The internal structure and shape of the zircons allows them 
to be divided into two groups. The first group of zircons are 
mostly euhedral to subhedral and sub-angular (Figure 3(a)), 
which implies that these zircons have had a short transpor-
tation distance. Most zircons in this group exhibit zoning 
that is characteristic of magmatic crystallization. The sec-
ond group of zircons are mostly subhedral to anhedral, but 
well rounded (Figure 3(b)–(d)), implying that these zircons 
have undergone long transportation distances. A small 
number of zircons in this second group have distinct cores 
and overgrown rims with variable widths, indicating meta-
morphism prior to transportation and deposition. 
3.2  Zircon U-Pb ages 
For zircon ages >1000 Ma, we adopted the 207Pb/206Pb age, 
and for ages <1000 Ma we adopted the 238U/206Pb age. We 
conducted 148 randomly selected analyses of zircons from 
sample D0581-6TW, which yielded 141 robust ages from 
135 single zircon grains (Table 1). Analyses numbered 
1–119 were carried out at LCPU and analyses 120–154 
were carried out at LCD. The analyses enclosed by paren-
theses in Table 1 were not used in the statistical analysis of 
the data. 
A small number of very old detrital zircon ages were ob-
tained from the feldspathic greywacke sample, with the 
oldest being >4.0 Ga. Two analyses were conducted on this 
oldest zircon (analyses 32 and 138), yielding 207Pb/206Pb 
ages of 4043±5 and 4040±5 Ma, and Th/U ratios of 0.42 
and 0.21, respectively. Both of these analyses are concord-
ant at the 99% confidence level (Figure 4(a)), suggesting 
that these two ages are reliable. Petrographically, this zircon  
 
 
Figure 3  CL images of the detrital zircons with ages (a) <500 Ma, (b) 2000–800 Ma, (c) >3000 Ma and (d) 3000–2000 Ma. 
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Figure 4  U-Pb concordia diagrams (a) and frequency chart (b) for detrital zircons from the sedimentary sequences in the Aermantai ophiolitic mélange. 
grain is deep pink in colour, semi-transparent, and rounded. 
CL images show clear core-to-rim zoning in this zircon 
grain (Figure 3(d)). The inner core is ca. 10–15 μm in diam-
eter and has a few wide and irregular growth bands. The 
surface of the mantle is slightly uneven, zoned, and has 
uniformly low CL. The narrow rim has no girdle and shows 
weak CL. These features and the high Th/U ratio suggest 
that this zircon is probably of magmatic origin. The two 
U-Pb analyses are from the mantle of the grain and, coupled 
with the age concordancy, indicates that the U-Pb isotope 
systematics of this zircon have remain closed to later tec-
tonic processes. 
Apart from these two U-Pb ages of >4.0 Ga, a number of 
other old and (nearly) concordant 207Pb/206Pb ages of 3606± 
6 to 3113±5 Ma were obtained (analyses 21, 129–131). 
Analyses 130 and 131 were obtained from the core and rim 
of the same zircon grain. CL images show that this zircon 
grain has well-developed core-to-rim zoning (Figure 3(d)), 
with a dark grey and unzoned inner core that has a high 
Th/U ratio (1.10). The mantle is weakly zoned and shows 
characteristics typical of a magmatic origin. The rim is 
white, has growth bands of variable width, exhibits no zon-
ing, and has a low Th/U ratio (0.34). These features are 
typical of metamorphic zircon. The different 207Pb/206Pb 
ages of the core and rim probably represent at least two tec-
tono-thermal events. 207Pb/206Pb ages of analyses 21 and 
129 are 3247±6 and 3113±5 Ma, respectively, with Th/U 
ratios of 0.48. CL images show that these zircons have zon-
ing typical of magmatic crystallization (Figure 3(d)). 
A zircon U-Pb concordia diagram (Figure 4(a)) and age 
frequency plot (Figure 4(b)) show three main ages groups: 
2.53–2.37, 1.14–0.89, and 0.47–0.42 Ga. The youngest 
group are the most abundant and includes 57 of the 141 
robust U-Pb ages (ca. 40%). The peak age of this group is 
446 Ma, and Th/U ratios vary between 0.46 and 1.33. The 
average age of the five youngest detrital zircons is 426±4 
Ma. CL images show that the majority of these zircons are 
sub-angular and have obvious zoning (Figure 3(a)). All 
these characteristics are indicative of derivation from a 
nearby source area with a short transportation distance. The 
group with ages of 1.14–0.89 Ga has no obvious age peak, 
and represents a total of 23 ages (ca. 16%). Zircons in this 
age group are mostly sub-rounded, although a small number 
of grains are rounded. The cores of most of these zircons 
exhibit oscillatory zoning, and a small number of grains 
have obvious rims of variable width. Th/U ratios of these 
zircons vary from 0.02 to 1.76 (Figure 3(b)). The third 
group of zircons with ages of 2.53–2.37 Ga comprises 19 
ages (ca. 14%). The age peak of this group is ca. 2.46 Ga 
and these zircons have Th/U ratios from 0.31 to 2.33. Most 
of the zircons in this group are sub-rounded and their inter-
nal textures allow them to be further divided into two types: 
one with thin metamorphic rims with clear zoning, and an-
other with magmatic zoning and weak CL and relatively 
complex textures (Figure 3(c)). 
3.3  Zircon Lu-Hf isotope data 
Fifty-five Lu-Hf isotope analyses were conducted on 55 
zircon grains from sample D0581-6TW (Table 2; Figure 
5(a), (b)). All the zircons have low 176Lu/177Hf ratios (most 
are >0.002), indicating little accumulation of radiogenic Hf 
after zircon crystallization. 
The zircons with ages between 0.47 and 0.42 Ga (n =24) 
have 176Hf/177Hf values from 0.282156 to 0.282850, εHf(t) 
values from –9.3 to +12.0, and two-stage model ages (TDM2) 
of 2011–646 Ma. The zircons with ages of 1.14–0.89 Ga (n 
=12) have low 176Hf/177Hf values from 0.281721 to 
0.282365, εHf(t) values from –16.8 to +7.8, and two-stage 
model ages (TDM2) of 2868–1420 Ma. The zircons with ages 
of 2.53–2.37 Ga (n=8) have low 176Hf/177Hf values from 
0.281104 to 0.281210, εHf(t) values from –7.0 to –0.5, and 
two-stage model ages (TDM2) of 3513–3009 Ma, which are 
much older than the zircon U-Pb ages. 
One analysis of the 4040 Ma zircon yielded a 176Hf/177Hf 
ratio of 0.280084 and εHf(t) value of –5.2. The single-stage  
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Figure 5  Hf isotopic feature (a) and Hf two-stage model ages histogram (b) of detrital zircons from the sedimentary sequences in the Aermantai ophiolitic 
mélange. 
(TDM1) and two-stage model ages (TDM2) of this zircon are 
4326 and 4474 Ma, respectively. The Lu/Hf ratio (fLu/Hf = 
–0.92) of this zircon is much lower than the Lu/Hf ratio of 
continental crust (fLu/Hf = –0.72; [81]), indicating that the 
two-stage model age (TDM2) more accurately reflects the age 
when its source was extracted from the depleted mantle or 
the average crustal residence age of its source. As such, this 
old zircon is clearly of Hadean origin. The zircons with ages 
of 1.90–1.65 Ga (n = 3) have 176Hf/177Hf ratios of 0.281917 
to 0.281642, εHf(t) values from 0.7 to 5.6, and two-stage 
model ages of 2455–2011 Ma, which indicates that their 
protolith originated from nascent continental crust. 
4  Discussion 
4.1  Discovery of 4.0 Ga detrital zircons 
A total of 141 robust detrital zircon U-Pb ages were ob-
tained from the feldspathic greywacke sample, and these 
range from 4.04 to 0.42 Ga. There are five detrital zircons 
whose U-Pb ages are >3.0 Ga, and one concordant zircon 
has a reliable age of 4.04 Ga. The other four old zircons 
have 207Pb/206Pb ages of 3606±6, 3491±7, 3247±6, and 
3113±5 Ma. The 4.04 Ga detrital zircon age is the oldest 
obtained for crustal materials in the East Junggar terrane 
and the entire CAOB. Hf isotope analysis of this zircon 
shows that it has a 176Hf/177Hf ratio of 0.280084 and a εHf(t) 
value of –5.2. The single-stage (TDM1) and two-stage model 
ages (TDM2) of this ancient zircon are 4326 and 4474 Ma, 
respectively, which are similar to the 4.01–4.37 Ga zircons 
from the Jack Hills region of Australia [82]. Harrison et al. 
[82] suggested that Earth’s continental crust began to form 
from ca. 4.4–4.5 Ga, but that this crust was recycled back 
into the mantle shortly after its formation. The Hf isotope 
compositions of the Jack Hills zircons are distinct from 
those of 3.8 Ga zircons in the North China and Yangtze 
cratons, which have Hf isotopes that are broadly chondritic 
and model ages of ca. 3.8 Ga, showing that they originated 
from a mantle source that had not experienced significant 
crust-mantle differentiation. As such, previous studies have 
suggested that crustal rocks older than 3.8 Ga do not exist in 
the north China area [14,83]. Given that the >3.0 Ga detrital 
zircons have probably experienced one or more transporta-
tion and recycling processes before their final incorporation 
in the sediment, their ultimate original source is difficult to 
determine. However, the identification of zircon grains with 
ages >3.0 Ga in this study and, in particular, the oldest zir-
con indicates that the East Junggar rocks record the recy-
cling of old, Archaean and Hadean crustal materials. Kröner 
et al. [34] also dated one inherited zircon with a 207Pb/206Pb 
age of 3888±2 Ma from an Early Ordovician diorite 
porphyry in Stepnya, Kazakhstan, which is part of the west-
ern extension of the CAOB. 
4.2  Constraints on depositional age and provenance 
Sedimentary sequences of the Aermantai ophiolitic mélange 
have youngest detrital zircon U-Pb ages of 0.47 to 0.42 Ga. 
The main age peak is 446 Ma and the weighted average age 
of the five youngest detrital zircons is 426±4 Ma. This age 
represents the youngest erosional source and also is a lower 
limit for the sedimentary depositional age. As such, the 
sedimentary blocks in the Aermantai ophiolitic mélange 
must have been deposited no earlier than Middle Silurian 
times and, probably, even later (i.e. Devonian). The per-
centage of this group of young detrital zircons (Early Pal-
aeozoic) is much higher than that of the old detrital zircons 
(pre-Early Palaeozoic). εHf(t) values of the young detrital 
zircons range from –9.3 to 12.0 and have two-stage model 
ages of 2011−646 Ma, which are much older than the for-
mation age of the zircons. These young zircons are mostly 
euhedral or subhedral and angular, implying they have only 
experienced a short transportation distance. The two groups 
with older zircon ages of 1.14–0.89 and 2.53–2.37 Ga have 
εHf(t) values of –16.8 to 7.8 and –7.0 to –0.5, respectively, 
and two-stage model ages (TDM2) of 2868–1420 and 3513– 
3009 Ma, respectively. The detrital zircons with ages of 
2.53 to 2.37 Ga are characterised by negative εHf(t) values. 
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These features highlight the fact that the protolith of the old 
detrital zircons separated from the depleted mantle and en-
tered the crust during the Archaean crustal accretion event. 
Most of the detrital zircons from these two older groups are 
rounded, indicating a relatively long transportation distance. 
This suggests that the sedimentary sequences in the 
Aermantai ophiolitic mélange were deposited in an area that 
experienced intense magmatism and was similar to modern 
sites of active continental marginal clastic sedimentation. 
Recent studies have discovered evidence for Early Pal-
aeozoic magmatism in the eastern Junggar terrane during a 
1:25000 regional geological survey and other investigations. 
For example, we have obtained zircon U-Pb ages for quartz 
diorite and tonalite in the Yemaquan area that are 443±6 
and 442±5 Ma, respectively (unpubl. data). Zhang et al. [84] 
reported a 442±7 Ma age for a deformed zircon core from a 
granitic porphyry in the Qiongheba area. In the Versailles 
area, Du et al. [85] obtained a moyite age of 429 Ma by 
U-Pb zircon dating. However, all these zircons have high 
εHf(t) values and relatively young two-stage model ages 
(>700 Ma) (Figure 6(a)), which precludes their use in con-
straining sandstone provenance. Many Early Palaeozoic 
intrusive rocks are also present in the Harlik Mountains, 
which is located at the southern edge of the East Junggar 
terrane. For example, near Harlik Koumenzi, diorite zircon 
has a U-Pb age of 430±6 Ma [86], and on the main ridge of 
the eastern Harlik diorite and granite, zircons have yielded 
U-Pb ages 447±11and 462±9 Ma, respectively [87]. These 
magmatic rocks are considered to be part of the active con-
tinental margin on the southern edge of the Turpan-Hami 
Basin, which has gradually migrated southwards during the 
Palaeozoic. The formation of these magmatic rocks is re-
lated to the northwards subduction of oceanic lithosphere, 
which is represented by relict oceanic crust in the 
Kangguertagg area [88]. Apparently, these tectonic blocks 
are not a potential provenance source for the sedimentary 
blocks in the Aermantai ophiolitic mélange. To the north of 
the studied area, at the southern edge of the Altay region,   
 
 
Figure 6  Comparison of probability plots of detrital zircon Hf isotope from the Paleozoic igneous rock and graywackes in the Chinese Altai and East 
Junggar. Data sources are as follows: (a) from Zhang et al. [84]; (b) from Sun et al. [52] and Cai et al..[97]; (c) from Wang et al. [98]; (d) from Long et al.  
[96]; (e) from Sun et al. [89]; (f) from this study (data with >3.6 Ga are excluded).  
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Early Palaeozoic granite, volcanic rocks, and gneiss are 
widely exposed [89–94]. For example, U-Pb ages of rocks 
in this region are as follows: Qiemurqieke gneissic granites: 
462±10 Ma [90]; Seoul Basin volcanic rocks: 436±4 Ma 
[91]; Abagong gneissic syenogranite: 458±3 Ma [92]; 
Aergedayi meta-gabbro: 439±17 Ma [93]; Kelang Basin 
biotite granite: 459±5 Ma [94]. Recent studies have pro-
posed that these Early Palaeozoic granites and volcanic 
rocks are subduction-related, syn-orogenic products that 
formed at an active continental margin [90–95]. Zircon εHf(t) 
values and two-stage model ages of these rocks are similar 
to those of Early Palaeozoic detrital zircons dated in our 
study (Figure 6(b) and (c)), thus suggesting that the Early 
Palaeozoic detrital zircons in our sandstone sample may 
largely originate from the northern Altai Orogen. In terms 
of Hf isotope composition and the distribution of detrital 
zircon ages (Figures 6(d), (e), 7(a), (b)), these sedimentary 
sequences are similar to gneisses of the Upper Ordovician 
Habahe Group in the Altai Orogen [96]. The sedimentary 
sequences also have a similar detrital zircon age distribution 
as the Ordovician Huangcaopo Group in the Yiwu of East 
Junggar (Figure 7(c)). These relationships indicate that all 
these units may share a similar provenance, with the prove-
nance of the Ordovician Huangcaopo Group equivalent to 
the Altai Orogen in the north. This hypothesis is consistent 
with our results for the detrital zircons from the Aermantai 
ophiolitic mélange, but inconsistent with the Late Palaeo-
zoic detrital zircon age spectrum of East Junggar (Figure 
7(d)), which lies to the north of the Kalamaili ophiolitic 
mélange. Detrital zircons from East Junggar do not include 
Precambrian detrital zircon ages, and the provenance is 
probably from the volcano-sedimentary sequences deposit-
ed in the Palaeozoic island arc that once was south of East 
Junggar [53,99]. Early Palaeozoic and Precambrian detrital 
zircons have also been found in Carboniferous sandstones to 
the south of the Kalamaili ophiolitic mélange belt (Figure 
7(e)), but its provenance is considered to be from southern 
areas that are now covered by the Tuha and Junggar basins 
[100]. In summary, detrital zircons reveal that the prove-
nance of the sedimentary sequences in the Aermantai ophi-
olitic mélange is the Altai Orogen to the north. Given that 
the youngest detrital zircon age is 426±4 Ma, it is necessary 
to refine the depositional age of these sedimentary sequenc-
es as being Late Silurian rather than Devonian, as was pre-
viously considered to be the case. 
4.3  Palaeozoic tectonic evolution of East Junggar and 
adjacent areas 
The Aermantai ophiolitic mélange of East Junggar has de-
trital zircon U-Pb ages and Hf isotope signatures that indi-
cate the sedimentary blocks may have been derived from 
the Altai Orogen in the Late Silurian. Recent studies have 
shown that the East Junggar terrane comprises a series of 
island arc mixtites and an accretionary wedge complex, 




Figure 7  Comparison of probability plots of detrital zircon ages from the Paleozoic graywackes in the Chinese Altai and East Junggar. Data sources are as 
follows: (a) from Long et al. [53]; (b) from Sun et al. [52]; (c) from Long et al. [96]; (d) from Wang et al. [99]; (e) from Li et al. [100]; (f) from this study 
(data with >3.6 Ga are excluded). 
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[50,51]. From north to south, the East Junggar terrane is 
divided into the Dulate composite island arc, the Yemaquan 
composite island arc, and the Jiangjunmiao accretionary 
complex. These three tectonic units are separated by the 
Aermantai and Kalamaili ophiolite belts, which represent 
Early to Middle Palaeozoic oceanic crust [60,101]. Howev-
er, the southern edge of the Altai Orogen lies to the north of 
the Aermantai and Irtysh tectonic belt, where an Early Pal-
aeozoic active continental margin and an acidic magmatic 
arc were developed. These arc rocks have zircon ages be-
tween 470 and 440 Ma [90,95], which are slightly younger 
than the formation age (505–489 Ma) of the Aermantai su-
pra-subduction zone type ophiolite [60–62]. In the northern 
part of the East Junggar terrane (Jieledekala area), zircon 
U-Pb ages of quartz diorite and granodiorite are 483±6 and 
481±5 Ma respectively (unpublished data). The Jieledekala 
granodiorites are products of island arc magmatism, and 
represent the earliest magmatic event in the Early Palaeo-
zoic. These granodiorites provide strong evidence for the 
subduction polarity of the oceanic lithosphere. From the 
Altai Mountains to the south of East Junggar, large-scale 
thrusts are characterised by oblique southwestwards move-
ments that have overthrust younger rocks to the south 
[103,104]. Broadband seismic data for the East Junggar 
terrane reveal two strong, north-dipping reflectors at depths 
of 50 and 100 km between Kalamaili and Fuyun [104,105]. 
Moreover, from south Kalamaili to the Altai Mountains, the 
depth of the Moho gradually increases northwards, and 
there are bodies with anomalously high P-wave velocities 
below depths of 18–28 km that have a thickness of 10 km 
and a velocity of 7.3 km/s, similar to oceanic crust. At the 
northeastern edge of the Junggar Basin, deposition was con-
tinuous from the Middle Silurian to the base of the Lower 
Carboniferous. The main lithology of these sediments is 
terrestrial clastic rocks that are interbedded with minor car-
bonates, which have characteristics typical of passive con-
tinental margin deposits. 
Based on the lines of evidence presented above, we sug-
gest that the East Junggar Basin was characterised by grad-
ual south-to-north subduction and, during subduction of the 
oceanic lithosphere, the subduction zone experienced a 
southward migration. During the Early Ordovician to Mid-
dle Silurian, an active marginal magmatic arc formed at the 
southern edge of the Altai Orogen due to northward subduc-
tion of Early Palaeozoic oceanic lithosphere as now repre-
sented by the Aermantai ophiolitic mélange. Middle to Late 
Silurian rocks of the East Junggar terrane are characterised 
by cold water biota such as Tuvaella fossils [106,107], 
which only occupied shallow waters at the southern edge of 
Siberia. Ordovician volcano-sedimentary sequences are 
unconformably overlain by Middle to Upper Silurian rocks 
with marine molasse features. These characteristics indicate 
that the Early Palaeozoic ocean basin system in the East 
Junggar area had closed by the Middle to Late Silurian and 
been accreted to the Siberia block to become the southern 
edge of the Siberia Paleocontinent. However, at this time, 
the region was still covered by a shallow sea that allowed 
Tuvaella to migrate across the southern edge of Siberia and 
reach East Junggar, including the area to the south of the 
Kalamaili ophiolite belt. Thus, we postulate that the Late 
Palaeozoic ocean basins located in the Irtysh and southern 
Mongolia, and the Late Palaeozoic ocean basins located in 
the southern Kalamaili must have existed within the interior 
of an enlarged Siberia Paleocontinent due to accretion of the 
East Junggar terrane. In effect, these ocean basins were un-
derlain by continental crust. Late Silurian sedimentary se-
quences in the Aermantai ophiolitic mélange were mainly 
sourced from the Altai Orogen to the north, which shows 
that during the Late Silurian the northern edge of the East 
Junggar terrane was already part of the Altai Orogen. This 
became an integrated marginal orogen at the southern edge 
of the Siberia Paleocontinent and was the source of the 
sediments in the Aermantai ophiolitic mélange. Furthermore, 
the Early Palaeozoic ocean represented by the Aermantai 
ophiolitic mélange was closed by Late Silurian times. 
5  Conclusions 
(1) We have used LA-(MC)-ICP-MS zircon U-Pb dating 
to obtain a detrital zircon age spectrum for sedimentary se-
quences from the Aermantai ophiolitic mélange in East 
Junggar. The oldest determined zircon age is 4040 Ma. Hf 
isotope analysis of this zircon indicates that it has negative 
εHf(t) and a Hf isotope two-stage model age that is slightly 
older than its U-Pb age, demonstrating that even older con-
tinental crustal materials (Hadean) were present in its source. 
Other old detrital zircon ages of 3606±6 to 3113±5 Ma were 
also obtained. While it is difficult to infer the provenance of 
the >3.0 Ga zircons, their ages show that recycling of very 
old crustal materials with Mesoarchaean, Paleoarchaean, 
and Hadean ages are recorded by rocks of the East Junggar 
terrane. 
(2) The youngest detrital zircon age is 426±4 Ma and de-
fines the lower limit of the sediment depositional age. Con-
sidering the regional geology, the depositional age of sedi-
mentary sequences in the Aermantai ophiolite mélange is 
probably Late Silurian. 
(3) Detrital zircon U-Pb ages for the sedimentary se-
quences of the Aermantai ophiolitic mélange largely form 
three groups at 2.53–2.37, 1.14–0.89, and 0.47–0.42 Ga, 
with the main age peak being 446 Ma. The zircon ages, 
morphology, and internal structures, and Hf isotope data are 
consistent with the sedimentary provenance having been to 
the north in the Altai Orogen. During the Late Silurian, the 
Early Palaeozoic ocean represented by the Aermantai ophi-
olitic mélange closed and the northern edge of the East 
Junggar terrane had accreted to the Altai Orogen, which 
became an integrated marginal orogen on the southern edge 
of the Siberia Paleocontinent. 
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